Lassa virus is a significant burden on human health throughout its endemic region in 33 West Africa, with most human infections the result of spillover from the primary rodent 34 reservoir of the virus, the natal multimammate mouse, M. natalensis. Here we develop a 35 Bayesian methodology for estimating epidemiological parameters of Lassa virus within its 36 rodent reservoir and for generating probabilistic predictions for the efficacy of rodent 37 vaccination programs. Our approach uses Approximate Bayesian Computation (ABC) to 38 integrate mechanistic mathematical models, remotely-sensed precipitation data, and Lassa 39 virus surveillance data from rodent populations. Using simulated data, we show that our 40 method accurately estimates key model parameters, even when surveillance data are available 41 from only a relatively small number of points in space and time. Applying our method to 42 previously published data from two villages in Guinea estimates the time-averaged of Lassa 0 43 virus to be 1.658 and 1.453 for rodent populations in the villages of Bantou and Tanganya, 44 respectively. Using the posterior distribution for model parameters derived from these 45 Guinean populations, we evaluate the likely efficacy of vaccination programs relying on 46 distribution of vaccine-laced baits. Our results demonstrate that effective and durable 47 reductions in the risk of Lassa virus spillover into the human population will require repeated 48 distribution of large quantities of vaccine. 49 3 50 Author Summary 51 Lassa virus is a chronic source of illness throughout West Africa, and is considered to be a threat 52 for widespread emergence. Because most human infections result from contact with infected 53 rodents, interventions that reduce the number of rodents infected with Lassa virus represent 54 promising opportunities for reducing the public health burden of this disease. Evaluating how 55 well alternative interventions are likely to perform is complicated by our relatively poor 56 understanding of viral epidemiology within the reservoir population. Here we develop a novel 57 statistical approach that couples mathematical models and viral surveillance data from rodent 58 populations to robustly estimate key epidemiological parameters. Applying our method to 59 existing data from Guinea yields well-resolved parameter estimates and allows us to simulate a 60 variety of rodent vaccination programs. Together, our results demonstrate that rodent 61 vaccination alone is unlikely to be an effective tool for reducing that public health burden of 62 Lassa fever within West Africa. 63 65 Lassa virus is a zoonotic pathogen endemic to West Africa where it poses a significant 66 burden on human health (Buckley et al. 1970). Although only a relatively small proportion of 67 human cases result in severe symptoms and mortality, human infection is common, with 8-52% 68 of the human population within Sierra Leone seropositive (McCormick et al. 1987; Bausch et al. 69 2001; Dan-Nwafor et al. 2019), indicative of past infection by Lassa virus. In addition to being a 70 chronic source of illness throughout West Africa, Lassa virus is considered to be a threat for 71 widespread emergence and is recognized by the World Health Organization as a priority 72 pathogen (Sweileh 2017). 73 Human infection with Lassa virus occurs primarily through contact with excretions of the 74 primary reservoir species, the natal multimammate mouse, M. natalensis (McCormick et al. 75 1987). Within Lassa endemic regions of West Africa, M. natalensis frequently inhabit human 76 dwellings and trapping studies have demonstrated that up to 30% of M. natalensis individuals 77 can be PCR positive for Lassa virus (Fichet-Calvet et al. 2007; Safronetz et al. 2013). Recent 78 modeling and genetic studies have confirmed the primary importance of zoonotic transmission, 79 providing evidence that human to human transmission is rare outside of hospital settings (Lo 80 Iacono et al. 2015; Siddle et al. 2018; Kafetzopoulou et al. 2019). Because most human 81 infections result from contact with infected rodents, strategies for reducing human infection 82 have focused on reducing human contact with the reservoir species, M. natalensis, reducing the 83 reservoir population as a whole through trapping or poisoning, or reducing the proportion of 5 84 infected rodents through vaccination (Mendoza et al. 2018; Saez et al. 2018; Marien et al. 85 2019). 86 Recent studies investigating the efficacy of rodent removal using annual application of a 87 rodenticide in Guinea demonstrated poisoning could yield substantial transient reductions in 88 the density of M. natalensis (Saez et al. 2018). Specifically, this study applied rodenticide during 89 the dry season over a four-year period and evaluated trapping success at the beginning and end 90 of each application period. Although trapping success (and presumably rodent density) declined 91 by the end of each application period, populations rapidly rebounded to their pre-treatment 92 levels in all but the fourth year. Thus, the extent to which rodenticide application can yield 93 durable reductions in rodent density remains unclear. In contrast to rodent removal, no 94 experimental studies examining the impact of rodent vaccination exist because vaccines 95 targeting Lassa virus in the reservoir population are under development, but not yet available. 96 As a consequence, efforts to predict how well vaccination campaigns might work have relied on 97 computer simulations (e.g., Marien et al. 2019). Using individual based simulations to predict 98 the effectiveness of culling and vaccination, Marien et al. (2019) found that Lassa virus could be 99 eliminated from its reservoir population only through continuous rodent control or vaccination. 100 Because these conclusions rest on informal model parameterization, do not integrate seasonal 101 variation in reproduction, and investigate only a small range of possible vaccination strategies, 102 their generality remains unclear. 103 Here we develop a robust Bayesian methodology for estimating key epidemiological 104 parameters of Lassa virus within its natural reservoir, the natal multimammate mouse, 105 Mastomys natalensis, that couples mechanistic mathematical models, remotely sensed 7 127 Lassa virus among classes as well as vertical transmission from mother to offspring and 128 transmission of protective maternal antibodies. We include the possibility of vertical 129 transmission and maternal antibody transfer because both have been demonstrated in related 130 arenaviruses and included in previous models exploring the efficacy of Lassa control measures 131 (Marien et al. 2019). Within a location, x, we assume individuals encounter one another at 132 random and that juveniles and adults move between different locations and at per capita 133 rates and , respectively. Both density-dependent and density-independent mortality , , , , 134 are included as both have been demonstrated to be important in M. natalensis population 135 dynamics (Leirs et al. 1997). Together, these assumptions lead to the following system of 136 differential equations describing the dynamics of Lassa virus infection within a single 137 157 where for each location x is calculated by averaging daily precipitation values provided by 158 the CHIRPS 2.0 database (Funk et al. 2015) for the 0.05 degree grid square in which the latitude 159
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precipitation data, and rodent capture data from two villages in Guinea using Approximate 107 Bayesian Computation (ABC). We use this Bayesian approach to estimate individual model 108 parameters as well as the time averaged for Lassa virus within two villages in Guinea for produced by an infected rodent if it were introduced into an entirely susceptible population 112 over the 17-month period of data collection. Repeated sampling from the posterior distribution 113 allowed us to generate probabilistic predictions for the efficacy of vaccination campaigns and to 114 identify the optimal timing of vaccine distribution. 115 Methods 116 Mathematical Model 117 We model the coupled ecological and epidemiological dynamics of M. natalensis and 118 Lassa virus in a metapopulation consisting of a set of populations connected by migration. 119 We assume the age structure of the reservoir population, M. natalensis, can be well-described 120 by three discrete life stages: pup, pre-reproductive juvenile, and reproductive adult. The where all parameter and variables are described in Table 1 . Modal value corresponds to weaning occurring 20 days after birth, on average. This is the average date of weaning in a captive colony from Mali (Rosenke, K. Unpublished data).
Gamma with mode 0.009 and shape 20.0
Modal value corresponds to reproductive maturity occurring 131.74 days after birth, on average. This is the average date of first reproduction in a captive colony derived from Mali (Rosenke, K. Unpublished data).
Uniform on [7.0 × 10 -5 ] in simulation ,2.0 × 10 -4 testing but expanded to [ ] 7.0 × 10 -5 ,3.0 × 10 -4 when applied to data. where the denominator is the total number of actively foraging rodents. The quantity was 270 capped at the number of susceptible individuals in class i.
We considered vaccination regimes that distributed between 500-10,000 individual = 272 baits annually for an annual distribution period ranging from 7-168 days. In addition, we 273 evaluated vaccination campaigns that began distributing bait in November (wet to dry 274 transition) and those that began distributing bait in May (dry to wet transition). These temporal 
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Parameter estimation for the Lassa virus pathosystem 284 We applied our ABC method to the rodent trapping data collected from the villages of 285 Tanganya and Bantou in Guinea until the posterior distribution accumulated 28,042 points. Although our ABC approach allowed us to robustly estimate some epidemiological and 402 demographic parameters, other parameters proved to be more challenging to estimate. 403 Fortunately, most of these have been independently estimated in other studies (see Table 2 ), 404 allowing their prior distributions to be defined with a relatively high degree of confidence. 405 However, a number of parameters that our method is unable to estimate accurately have not 406 been independently estimated (e.g., rates of Lassa virus vertical transmission) or have been 407 estimated, but only in distant locations with substantial differences in rodent ecology (e.g., Health Organization and is a key emerging threat to human health (WHO 2018). Curtailing this significant threat to public health will likely require a combination of synergistic efforts 424 including reservoir vaccination, targeted rodent control, reducing risky human behavior, and 425 human vaccination campaigns. The ABC approach we have developed here provides a robust 426 method for estimating key epidemiological parameters of Lassa virus and for predicting the 427 likely effectiveness of these various types of intervention both individually and in combination. 428 As additional field and experimental studies accrue, our ABC approach can be used to update 429 and refine parameter estimates and predictions for intervention impacts. Only through rigorous 430 evidence-based analyses and investigations of the impacts of all potential control options can 431 global resources be effectively leveraged to combat this and other high-consequence threats to 432 global health security. 
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Part 1: Evaluating performance of ABC approach using simulated data 615 Before applying our ABC method to real data, we evaluated its performance by testing 616 against simulated data sets. Simulated data sets for the two Guinean villages were generated 617 by: 1) drawing parameters at random from the prior distributions shown in Table 2 of the main 618 text, 2) simulating population and epidemiological dynamics in these populations using the 619 Gillespie algorithm and equations (1-2) with local precipitation data for each village from the 620 CHIRPS 2.0 database, and 3) conducting simulated rodent trapping experiments. Simulated 621 rodent trapping was conducted on the same dates as in the real dataset and the number of trap 622 nights in each session was drawn at random from a uniform distribution on [800, 1200] to 623 bracket values in the real data. The trapping rate parameter was set to for 3.5 × 10 -5 624 simulating data sets, a rate that yields biologically plausible values for true population density 625 of M. natalensis within the Guinean villages that range between animals per ≈ 600 -2,100 626 village. In total, we generated 30 simulated data sets, each of which was then subjected to 627 analysis using our ABC methodology. 628 To maximize the number of synthetic data sets we could analyze, we applied our ABC 629 algorithm to each synthetic data set until 1000 points were accumulated in the posterior 630 distribution. Of the 30 simulated data sets we analyzed, nine were terminated after failing to 631 identify at least 50 hits within a week of computation. We continued analysis of the remaining 632 21 simulated data sets until at least 1000 points were accumulated in the posterior distribution. 633 The small size of the posterior distribution used in our simulation testing should yield conservative estimates for how well our methodology is likely to work when applied to real 635 data and run until a much larger number of points are accumulated in the posterior 636 distribution. Once the ABC algorithm had been applied to each synthetic data set, we calculated 
